removal of apoptotic cells is critical for the physiological well-being of the organism 1 and defects in corpse removal have been linked to disease states 2,3 . Genes regulating corpse recognition and internalization have been identified 4 , but few molecules involved in the processing of internalized corpses are known. through a combination of targeted and unbiased reverse genetic screens in Caenorhabditis elegans, and studies in mammalian cells, we have identified genes required for maturation of apoptotic-cell-containing phagosomes. We have further ordered these candidates, which include the GtPases rAB-5 and rAB-7 and the HOPs complex, into a coherent linear pathway for the maturation of apoptotic cells within phagosomes. In-depth analysis of two additional candidate genes, the phosphatidylinositol 3 kinase (PI(3)K) vps-34 and dyn-1/dynamin, showed an accumulation of internalized, but undegraded, corpses within abnormal rab5-negative phagosomes. We ordered these candidates in our pathway, with DYN-1 functioning upstream of VPs-34 in the recruitment and/or retention of rAB-5 in the phagosome. Finally, we have also identified a previously undescribed biochemical complex containing Vps34, dynamin and rab5 GDP , thus providing a mechanism for rab5 recruitment to the nascent phagosome.
Engulfment of apoptotic cells occurs throughout life in multicellular animals as part of development, homeostasis and wound healing 5 ; engulfment involves multiple steps, including recognition, internalization, phagosome maturation and lysosomal degradation of apoptotic cells by the phagocyte. In mammals, impaired clearance of apoptotic cells can lead to exposure of autoantigens resulting in the onset of autoimmune diseases, such as systemic lupus erythematosus and chronic polyarthritis 2, 6, 7 . One fundamental challenge in understanding how defects in corpse removal translate into disease states is the identification of critical players that orchestrate the different stages of engulfment.
The nematode C. elegans represents a powerful genetic tool for studying programmed cell death. Large numbers of cells die during embryonic and larval morphogenesis and during germ-cell development in the adult 8 . When cells die they gradually condense, generating corpses that appear as 'refractile' bodies by differential interference contrast (DIC) microscopy 9 . Germ-cell corpses are rapidly recognized and internalized by the surrounding gonadal sheath cells that encase the germline 9 . Two evolutionarily conserved signalling pathways have been described that function upstream of the small GTPase CED-10/Rac in the recognition and internalization of apoptotic cells 4, 8, 10, 11 . However, little is known about the ultimate fate of internalized corpses in C. elegans.
We first addressed the importance of the small GTPases RAB-5 and RAB-7, which localize to phagosomes containing internalized bacteria and other opsonized particles in other models 12 . Knockdown of rab-5 or rab-7 resulted in the accumulation of refractile corpses in the adult hermaphrodite gonad (Table 1 , Fig. 1a , b) and during embryogenesis (rab-7(RNAi), Fig. 1c, d ). Increased corpse numbers represent defects in corpse degradation, as the number of corpses undergoing internalization remained unchanged ( Supplementary Information, Fig. S1 ).
To further address RAB-5 and RAB-7 function, we generated animals expressing fluorescent RAB-5 and RAB-7 proteins. Yellow fluorescent protein (YFP)::RAB-5 preferentially localized around early, uncondensed cell corpses ( Fig. 1e-h ), whereas YFP::RAB-7 localized around late-stage, highly refractile, apoptotic-cell corpses ( Fig. 1 i-l) . Apoptotic cells generated during embryonic development also entered RAB-5-and RAB-7-positive phagosomes, suggesting similar corpse processing during both embryonic and germ-cell development (Fig. 1q, r) . In worms deficient in corpse internalization (such as ced-1(RNAi) and ced-5(n1812)), neither RAB-5 nor RAB-7 were recruited to the phagosome (see below). Transgenic worms expressing both YFP::RAB-5 and cyan fluorescent protein (CFP)::RAB-7 showed minimal colocalization (Fig. 1 , m-p, arrows versus arrowheads); in rab-7(RNAi) worms, phagosomes containing apoptotic germ cells were arrested in RAB-5-positive phagosomes (Fig. 1v) . RAB-5 and l e t t e r s 
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Figure 1 RAB-5, RAB-7 and the HOPS complex are required for maturation of apoptotic-cell-containing phagosomes. Bright-field images represent DIC micrographs. Apoptotic cell corpses can be separated into early (arrowheads) or late (arrows) apoptotic cells, based on the degree of refractility under DIC optics. SYTO41 or SYTO59 dye was used according to spectral requirements for colocalization with YFP or CFP. Scale bars are 10 µm. (a-d) RNA interference against either rab-5 (a) or rab-7 (b), but not control RNAi (s and data not shown) caused an increase in the number of undegraded refractile corpses in the adult hermaphrodite gonad or during developmental morphogenesis (d versus c). As rab-5(RNAi) caused incompletely penetrant larval arrest, the animals scored represent escapers that grew into adults. Corpse number is quantified in Table 1 . (e-p) In wild-type worms, CFP::RAB-5 (e-h) and YFP::RAB-7 (i-l) show corpses that stain weakly with SYTO dyes (g, k) or SYTO-positive, late-stage, internalized germ-cell corpses (h, arrowheads). Occasionally, more than one corpse is seen as RAB-5-or RAB-7-positive phagosomes (asterisks, e-l). YFP::RAB-5 (n, arrows) and CFP::RAB-7
(o, arrowheads) stain distinct sets of phagosomes (m, p), although occasionally seen on the same phagosome (p, asterisk). (q, r) 1.5-fold-stage embryos were assessed for localization of YFP::RAB-5 (q, q', arrowheads) and YFP::RAB-7 (r, r', arrowheads) around phagosomes containing apoptotic cells arising during developmental morphogenesis. (s-u) The number of RAB-5-positive phagosomes in animals treated with vps-11 and vps-39(RNAi) (m, q) were similar to control RNAi-treated nematodes (data not shown), whereas the number of RAB-7-positive phagosomes (t', u') were increased compared with controls (s') Asterisks in t, u indicate non-refractile corpses in RAB-7 phagosomes. (v) Quantification of data shown in s-u. Data are mean ± s. d., n = 15 animals for each condition. RAB-5-or RAB-7-positive phagosomes were quantified in animals treated with RNAi targeting ced-1, rab-7 or HOPS-complex members. Apoptotic cells accumulated in RAB-5-positive phagosomes in rab-7(RNAi), whereas lack of halos in ced-1(RNAi) is due to defects in corpse internalization. (w) Schematic representation of the pathway for phagosome maturation containing apoptotic cells, based on the data above.
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The nematode genome contains orthologues of several potential RAB-5 and RAB-7 regulatory proteins. Using a candidate approach, we first tested genes that may regulate RAB-7 function during engulfment. Candidates that were AO-negative were then compared with previous RNAi screens to exclude false negatives due to sterility or other gonadal defects; genes identified were assigned to categories based on proposed function.
(Supplementary Information, Table S1 ). (f-k) Inactivation of genes identified in the screen, for example, dyn-1(ky51) (f, g) and vps-34(RNAi) (h, i) showed persistent corpses without AO-negative phagosomes (g, i, arrowheads), whereas in rab-7(ok511) mutant worms, corpses were arrested in AO-negative phagosomes (j, k). (l) YFP::actin marks corpses undergoing internalization; dyn-1(ky51) mutant worms showed normal numbers of corpses undergoing internalization following 24 h of growth at the non-permissive temperature (see Supplementary Information, Discussion).
l e t t e r s
The HOPS complex, a GTPase exchange factor (GEF) that acts on RAB-7 during endocytosis, is composed of the products of seven genes: vps -11, vps-16, vps-18, vps-33, vps-39, vps-41, and vps-45 (ref. 13) . Knockdown of these genes, and a vps-16(ok719) mutant (Supplementary Information, Fig. S2 ), resulted in accumulation of refractile apoptotic cells in the gonad (Table 1) , without affecting the number of cells undergoing internalization ( Supplementary Information, Fig. S1 ). Disruption of five members of the HOPS complex (vps-11, vps-16, vps-18, vps-33 and vps-41) arrested corpses in RAB-7-positive phagosomes ( Fig. 1s-v) . The HOPS complex is predicted to interact with SNAREs and syntaxins and may function as a 'tethering complex' for vesicle-docking onto the phagosome 14, 15 ; the delivery of some components may be required for resolution of the RAB-7-positive stage during phagosome maturation.
Two HOPS-complex members, vps-41 and vps-45, functioned in different aspects of phagosome maturation. VPS-45 is a homologue of Sec1, which targets vesicles for lysosomal degradation in Saccharomyces cerevisiae 15 . Knockdown of vps-45 showed only a mild increase of RAB-7-or RAB-5-staining phagosomes (Fig. 1v) , suggesting that VPS-45 may be dispensable for RAB-5/RAB-7 recruitment (see Supplementary Information Discussion). vps-41(RNAi) caused a mild increase in the number of RAB-5-positive phagosomes; VPS-41 may influence RAB-5 release from the phagosome. These data further extended our linear pathway for phagosome maturation, with HOPS-complex members functioning at multiple steps of RAB-5/RAB-7 function (Fig. 1w) .
We also investigated whether known RAB-5 effectors influence phagosome maturation. These effectors typically possess a FYVE or PX domain, which binds phosphatidylinositol-3-phosphate (PtdIns(3)P) generated on the surface of the phagosome by VPS-34 (see below) 16 . Worms with mutations in the FYVE domain containing RAB-5 effectors EEA-1 (EEA1, A003312) or RABS-5 (Rabenosyn-5) had no obvious defects in corpse degradation, although these mutant strains show defects during endocytosis 17, 18 (Table 1 ; Supplementary Information, Discussion). Disruption of the 14 FYVE-domain-containing proteins did not cause obvious defects in corpse removal in the germ line. Knockdown of two PX-domaincontaining proteins sorting nexins, Y116A8c.26 and F17H10.3, produced increased numbers of undegraded germ-cell corpses ( Supplementary  Information, Fig. S1 ), but did not affect recruitment or release of RAB-5 or RAB-7 to phagosomes (data not shown). These genes may have a redundant role in RAB-5/RAB-7 recruitment or affect a different aspect of phagosome maturation.
Mammalian and yeast Rab5 GEFs all share a canonical Vps9 domain 19 . There are three Vps9-domain-containing proteins in the nematode, RME-6, RABX-5 (RabEx-5) and TAG-333 (RIN1). RME-6 and RABX-5 are redundantly required for the generation of RAB-5-positive endosomes in oocytes 20 and the somatic sheath cells ( Supplementary Information,  Fig. S2) . Surprisingly, neither rme-6, rabx-5 or tag-333 single mutants nor triple mutant rme-6(b1014); tag-333(gk431); rabx-5(RNAi) worms showed any defects in corpse removal. It is possible that a different type of Rab5 GEF(s) may be used during corpse removal, such as the CED-5/ CED-12 bipartite Rac1-GEF required for corpse internalization.
Our targeted gene analyses did not identify upstream regulators of RAB-5; thus, we undertook an unbiased approach to identify these proteins (Fig. 2e) . We had showed previously that the vital dye acridine orange selectively stains internalized apoptotic cells in acidic organelles 21, 22 ( Fig. 2a-d) . Corpses in rab-7(RNAi) worms, which are arrested in RAB-5-positive phagosomes, stained weakly with acridine orange (Fig. 2j, k) , suggesting that RAB-5-positive phagosomes are acidified. Using a feeding RNAi library 23 , we screened for genes on chromosomes I, III, IV and X that suppress acridine orange staining of apoptotic cells in the adult hermaphrodite gonad. We identified genes which probably function during corpse internalization (arx-3, arx-5, and ced-6), as well as genes potentially involved in phagosome maturation (see Supplementary Information Discussion).
Among our candidates were the PI(3)K VPS-34 (A001762), a known Rab5 effector in yeast and mammals involved in the maturation of endosomes into acidic lysosomes, and the large GTPase DYN-1 (Dynamin-related-1, Fig. 2f-i) , which has been linked previously to synaptic-vesicle transport and cytokinesis 24, 25 . We focused on DYN-1 for further study, as corpses in dyn-1(lf) worms seemed to be arrested in abnormal phagosomes. DYN-1 has also been linked to corpse internalization in C. elegans 26 ; however, after comprehensive analyses, we failed to see a role for dyn-1 in the recognition of corpses, formation of phagocytic cups or actin halos around corpses or in corpse internalization/ pinching/closure of phagosomes ( Fig. 2l, m ; Supplementary Information Discussion). We surmise that the phenotype previously reported may have been secondary, caused by gross defects in the actin cytoskeleton at the time points of analysis. Therefore, we planned our experiments to avoid these defects and focus on the role of DYN-1 in phagosome maturation (see Supplementary Information Discussion).
dyn-1(RNAi) or a thermosensitive mutation, dyn-1(ky51), caused accumulation of refractile corpses that were negative for acridine orange in the adult hermaphrodite gonad (Supplementary Information, Tables S1, S2), suggesting that DYN-1 functions early during corpse processing (Fig. 2f, g ). We generated YFP-or CFP-tagged DYN-1 constructs and assayed localization of DYN-1 during corpse removal. DYN-1 was enriched in punctate structures surrounding early apoptotic cells at the stage when active phagocytosis occurs 22 ( Fig. 3a, b ; Supplementary Information Fig. S5 ); DYN-1::CFP colocalized with the YFP::actin meshwork that forms around apoptotic cells (Fig. 3g-j) during corpse internalization. We could not detect enrichment of DYN-1 adjacent to the apoptotic cell in ced-1, ced-5 or other mutant worms deficient for corpse internalization ( Fig. 3c, d ; Supplementary Information, Fig. S5 ), suggesting that DYN-1 is recruited at a stage following corpse recognition and internalization. Recruitment of DYN-1 to phagosomes also seemed to be transient. DYN-1 was not found on SYTO41-staining phagosomes, which contain 'late' apoptotic corpses (Fig. 3b and data not shown), suggesting that DYN-1 is rapidly removed from the phagosome membrane following corpse internalization and actin disassembly. DYN-1::YFP and CFP::RAB-5 colocalized on phagosomes in the nematode (Fig. 3k-n) ; importantly, DYN-1::YFP did not colocalize appreciably with CFP::RAB-7 ( Fig. 3w-z, arrows versus arrowheads) . In rab-7(RNAi) worms, phagosomes were arrested at the RAB-5-positive stage. Although most phagosomes were stained with CFP::RAB-5, only a subset were stained with DYN-1::YFP (Fig. 3o-r) , suggesting DYN-1 and RAB-5 mark distinct, but overlapping stages during phagosome maturation.
Corpses in dyn-1(ky51) mutant worms (but not those found in ced-1 or ced-5 mutant worms) were arrested in abnormally large phagosomes (Fig. 4a , c, n; Supplementary Information, Fig. S2 ). As DYN-1 and RAB-5 seem to overlap temporally on the phagosome (Fig. 3b, k-n) , we asked whether RAB-5 is recruited to these abnormal phagosomes. In dyn-1(ky51) worms at the non-permissive temperature, phagosomal RAB-5 and RAB-7 staining was decreased, suggesting arrest at a stage l e t t e r s l e t t e r s before RAB-5 recruitment (Fig. 4a-d, m) . Notably, RAB-5-and RAB-7-positive endosomes, probably arising from receptor-mediated endocytosis, were still observed ( Supplementary Information, Fig. S2 ), suggesting a requirement for DYN-1 in RAB-5 and RAB-7 recruitment to phagosomes containing apoptotic cells, but not to endosomes. We next asked whether the role of dynamin in phagosome maturation is evolutionarily conserved. There are three mammalian dynamins: dynamin-2 (A000795) is ubiquitously expressed, whereas dynamin-1 and dynamin-3 show a more restricted expression (brain and testes, respectively) 27 . As most cell types possess the ability to engulf, we focused on the role of dynamin-2, which is involved in receptor-mediated endocytosis and protein trafficking 27 , organization of the actin cytoskeleton 28, 29 and internalization of antibody-opsonized cells 30 . In both J774 macrophages and NIH/3T3 fibroblasts (models for professional and non-professional phagocytes, respectively) endogenous dynamin was recruited around apoptotic cells with kinetics similar to those observed for actin polymerization ( Supplementary Information, Fig. S4 ). Dynamin staining seemed to be excluded from the leading edge, consistent with our assays suggesting that dynamin function is not required for corpse internalization in mammalian systems ( Supplementary Information, Fig. S4 , S5).
We next addressed whether dynamin-2 may also regulate phagosome maturation. Internalized corpses within NIH/3T3 cells expressing dominant-negative Dyn2 K44A or treated with dyn2 siRNA did not mature into acidic endosomes, as determined by Lysotracker Red (Fig. 5a , b, i). In contrast to control transfected NIH/3T3 cells, where endogenous Rab5 was efficiently recruited to apoptotic-cell-containing phagosomes ( Fig. 5d, j) , Dyn2
K44A expression caused a significant decrease in apoptotic cells within Rab5-positive phagosomes (Fig. 5e , j, P < 0.001). Similarly, cells expressing dominant-negative Rab5 S34N had decreased numbers of internalized apoptotic cells stained with Lysotracker Red (Fig. 5c, i) , confirming that phagosomes become Rab5-positive before becoming acidified.
We also identified the PI(3)K VPS-34 in our screen, which produces PtdIns(3)P on the phagosome, to which many Rab5 effectors are known to bind 16, 31 . Surprisingly, vps-34 knockdown also caused defects in RAB-5 recruitment or stabilization on the nascent phagosomes (Fig. 4e , f, m), essentially similar to dyn-1(ky51) mutants.
In vps-34(RNAi) worms, DYN-1::YFP was still efficiently recruited to apoptotic corpses (Fig. 3e) , suggesting that DYN-1 functions upstream of (or in parallel to) VPS-34 during engulfment. Interestingly, vps-34(RNAi) disrupted colocalization between DYN-1 and RAB-5, supporting a role for VPS-34 in mediating DYN-1-RAB-5 interaction and recruitment of RAB-5 to the phagosome ( Fig. 3s -v, arrows).
We were not able to generate a functional VPS-34 fusion protein in the worm, so we transiently transfected NIH/3T3 cells with a FLAG-tagged Vps34 construct and monitored recruitment to the forming phagosome. Vps34 was recruited to the phagocytic cup, where it colocalized with endogenous Dyn2 (Fig. 5f ). Vps34 was recruited to forming phagosomes in cells expressing either GFP (Fig. 5k ) or Dyn2 WT (Fig. 5g , k), whereas Vps34 recruitment was significantly reduced in cells expressing dominant-negative Dyn2 K44A (Fig. 5h , k, P < 0.001). Taken together, these data strongly suggest that Vps34 functions downstream of dynamin, but upstream of RAB-5 recruitment.
In vitro studies have suggested an additional level of protein regulation, where Rab5 GTP promotes optimal VPS34 activity 16 . We created transgenic nematodes expressing a YFP::2×FYVE construct, which was shown to specifically bind PtdIns(3)P generated by VPS-34 on endosomes 32 and is recruited to phagosomes containing apoptotic cells (Fig. 4g, h ). Phagosomal recruitment of YFP::2×FYVE was reduced in vps-34(RNAi) animals ( Fig. 4o ) as well as in dyn-1(ky51) mutant worms ( Fig. 4i , j, o), confirming that VPS-34 functions downstream of DYN-1. Interestingly, in rab-5(RNAi)-treated worms, YFP::2×FYVE recruitment to phagosomes was greatly reduced (Fig. 4k, l, o) , suggesting RAB-5 is also required for VPS-34 activity. rab-7 knockdown caused the accumulation of YFP::2×FYVE-positive phagosomes ( Fig. 4o) , confirming that VPS-34 functions upstream of RAB-7 during phagosome maturation.
Dyn2 could bind Vps34 when transiently overexpressed in 293T cells but did not interact with other proteins involved in the engulfment of apoptotic cells, such as Dock180 ( Supplementary Information, Fig. S6 ), ELMO1, GULP or CrkII (data not shown). Baculovirus-produced Dyn2 could be precipitated with bacterially produced GST-Vps34 (but not GST-ELMO1), suggesting that Dyn2 and Vps34 interact directly ( Fig. 5l ; Supplementary Information, Fig. S6 ). When we tested whether Dyn2, Vps34 and Rab5 could form a complex, we found that Dyn2 and Vps34 associated with Rab5
S34N
, which mimics the GDP-bound form of Rab5 (Fig. 5m ). Dyn2 did not interact with Rab5 in the absence of Vps34, which suggests a bridging role for Vps34 in linking dynamin and Rab5, and provides a mechanism for Rab5 recruitment to the nascent phagosome.
Through a combination of genetic, biochemical and cell-biological studies in C. elegans and mammalian cells, we identified key steps during maturation of phagosomes containing apoptotic cells, wherein the large GTPase DYN-1 (dynamin) and the PI(3)K VPS-34 (Vps34) are recruited to the nascent phagosomes, leading to recruitment of Rab5 (Fig. 4p) . We have identified a direct physical interaction between dynamin and Vps34 and the binding of Rab5 GDP , but not Rab5 GTP , to this complex. Our work also suggests that an as yet unidentified GEF would convert Rab5 to Rab5 GTP , promoting Vps34 kinase activity and subsequent recruitment of effector proteins that bind PtdIns(3)P 16 . We have also defined further maturation steps leading to RAB-7 recruitment and emphasize the importance of HOPS-complex proteins in regulating phagosome maturation during apoptotic-cell clearance. Taken together, our results reveal a number of new evolutionarily conserved players involved in corpse processing subsequent to internalization, and suggest the temporal order of recruitment and function for many of these components (Fig. 4p) .
Our work also highlights several features of phagosome maturation during apoptotic cell clearance, distinct from classical endocytosis. For example, worms deficient in clathrin light and heavy chains (clc-1 and chc-1, respectively) showed increased germ-cell apoptosis, but no obvious defects in corpse engulfment (Supplementary Information, Table S4 ). Similarly, no gross defects in clathrin-pit resolution were seen in Dyn2 siRNA , suggesting different requirements for phagosome maturation and endocytosis ( Supplementary Information, Fig. S5 ). Additionally, Rab5 GEFs rme-6/ rabx-5 and members of the exocyst complex were not required for corpse removal (Table 1 ; Supplementary Information Discussion and data not shown). Moreover, knockdown of nsf-1 and mutations in eea-1 or rabs-5 did not inhibit corpse removal, even though they have been shown to regulate fusion pore formation in yeast and mammalian cells, and proper receptor-mediated endocytosis. One candidate identified here, rme-8, localizes to early endosomes 33 ; rme-8(b1023ts) worms showed increased corpses and rme-8 was required for recruitment of RAB-5 and RAB-7 to the phagosome (Fig. 3f and data not shown) . Little is known about how l e t t e r s Figure 3 DYN-1 colocalizes with RAB-5 and is required for RAB-5 recruitment to phagosomes containing apoptotic cells. Bright-field images represent DIC micrographs. Apoptotic cell corpses can be separated into early (arrowheads) or late (arrows) apoptotic cells, based on the degree of refractility under DIC optics. dyn-1(ky51) worms are shown at the non-permissive temperature (25°C), unless otherwise stated. Scale bars are 10 µm. (a-f) DYN-1 was recruited around the apoptotic cell during phagocytosis (a, a', arrowhead), but not when the engulfment process was disrupted, as in ced-1-(c, c') and ced-5-(d, d') deficient worms. Staining of DYN-1, RAB-5 and RAB-7 during discrete stages of corpse engulfment shows DYN-1 and RAB-5 preferentially localizing around early corpses and RAB-7 localizing around late apoptotic cell corpses (quantified in b; data are mean ± s. e. m., the number of corpses scored per transgenic animal is indicated). Corpse-staging is described in Supplementary Information, Fig. S1 . In vps-34-(e, e') and rme-8-(f, f') deficient worms, DYN-1 was still recruited, suggesting DYN-1 may function upstream of (or in parallel to) VPS-34 and RME-8 during corpse removal. Quantified data are shown in Supplementary Information, Table S2 . l e t t e r s rme-8 functions in endocytosis, but our studies suggest that rme-8 (and other candidate genes) functions downstream of (or parallel to) dyn-1 during an early stage of phagosome maturation.
Apoptotic cells have been suggested to function in the maintenance of peripheral tolerance 6, 7 ; the inability to properly degrade apoptotic cells has been linked to autoimmune disease. Failure to properly process and K44A transfected cells failed to acquire Rab5 (e, arrowhead, inset). Quantified data are shown in (j) (mean n = 4 experiments,with 60 cells scored). (f-h) Apoptotic Jurkat cells were incubated with NIH/3T3 fibroblasts transiently transfected with FLAG-Vps34 and the localization of endogenous Dyn2 (green) and FLAG-Vps34 (red) in phagocytic cups containing apoptotic cells (blue) was monitored. In Dyn2 K44A transfected cells recruitment of FLAG-Vps34 to the forming phagosome was disrupted (h, arrow), whereas Vps34 was efficiently recruited to the phagocytic cup in Dyn2 WT (g) or GFP-transfected cells (not shown). Quantified data are presented in k (mean ± s.d., n = 2 experiments, with 25 cells scored). (l) GST-tagged Vps34 or ELMO1 proteins were expressed in bacteria and purified using GST-sepharose. Approximately 10 µg purified His-Dyn2 was added to 2 µg of each GST-tagged protein. Protein interaction was assessed by immunoblotting. (m) 293T cells were transiently transfected with the indicated proteins, lysed and immunoprecipitated using anti-GFP conjugated agarose beads and assessed by immunoblotting for the coprecipitating proteins. Rab5 Q79L and Rab5 S34N are considered mimics for GTP and GDP-bound Rab5, respectively. l e t t e r s degrade engulfed corpses could result in inappropriate presentation of antigens derived from apoptotic cells 2 . Thus, further characterization of the components of the phagosome maturation pathway described here could provide insights into induction of tolerance to apoptotic-cellderived self antigens and autoimmunity.
MetHODs
Nematode strains and reagents. Nematode strains were cultivated as described previously 9, 22 . Mutations used were as follows:
LGI: gla-3(op216), ced-12(k149) Reagents used in this study were Alexa-647 phalloidin, Hoechst 33342, SYTO41, SYTO59, acridine orange (Invitrogen), anti-FLAG clones M2 (western blotting; Sigma) and M5 (immunofluorescence microscopy; Sigma), anti-clathrin light chain CON-1, anti-cortactin, anti-dyn2 C-18 (western blotting), anti-HA F-7 (Santa Cruz), anti-dynamin Hudy1 (Upstate), anti-dynII (immunofluorescence microscopy; BD Bioscience), Alexa 488, 555 anti-mouse and Alexa 555 anti-rabbit (Invitrogen) antibodies; all secondary antibodies were highly cross-adsorbed to minimize cross reactivity between species. All antibodies were used at 5 μg ml Reverse genetic screening. Feeding RNAi was performed as described previously 23 with the following modifications: plates containing NGM-agarose and 1-5mM IPTG (RNAi plates) were inoculated with 300 µl of appropriate bacterial cultures (transformed with constructs for generation of double stranded RNA under the control of the T7 promoter) were incubated for 8-24 h before addition of worms. Between 30 and 60 synchronized gla-3(op216) L1-stage worms (which were used to increase the number of apoptotic germ cells) were placed on each RNAi plate and left for 72 h at 20°C. Worms on plates were then stained with acridine orange 21 and scored for percentage of worms showing staining of apoptotic-cell corpses under an M 2 Bio epifluorescence dissecting microscope (Zeiss). Candidate genes were grouped into functional classes as previously described 23 . To eliminate genes that reduce the number of apoptotic-cell corpses in the germ line (either directly or indirectly), we compared our candidates with the results of other RNAi screens and removed candidates whose knockdown resulted in delayed morphogenesis or sterility. The number of germ-cell corpses was then scored by DIC microscopy for each candidate where possible (Supplementary Table S1 ).
The following dsRNA-synthesizing bacteria were used as positive controls for each RNAi experiment: bir-1(RNAi), which gives causes high embryonic lethality, unc-22(RNAi), which results in an uncoordinated phenotype and ced-3(RNAi), which potently suppresses germ-cell apoptosis. Worms fed with HT115 (DH3) bacteria transformed with the original L4440(RNAi) vector containing no insert were used as a reference strain.
DIC and immunofluorescence microscopy of nematodes. Worms were placed on 2% agarose pads in M9, anaesthetized with levamisole (3-5 mM; Sigma) and mounted under a coverslip for observation using a Leica DM-RA or Zeiss Axiovert 200 microscope equipped with DIC (Nomarski) optics and standard epifluorescence with filtersets appropriate for detection of YFP, CFP/SYTO 41, SYTO 59 or GFP. Images were false-coloured in OpenLab or Adobe Photoshop 7.0, which was also used to optimize brightness and contrast.
Staining of worms with acridine orange (Molecular Probes) was performed as described previously 22 . To observe engulfed cells, gonads were dissected in PBS supplemented with 12.5 µM of SYTO 41 or SYTO 59, then incubated in the dark for 10 min before observation.
Synchronization and C. elegans phagocytosis assays.
To score apoptotic corpses in the hermaphrodite germ line, clean worms were synchronized by selecting hermaphrodites at the L4-larval stage (Christmas tree vulva). These worms were incubated for 24 h at 20°C then scored for persistent cell corpses and fluorescent halos, where appropriate, unless otherwise noted. A dyn-1(ky51) mutant is a thermosensitive allele with a Pro to Ser substitution in the GTPase domain, resulting in functional inactivation of the mutant protein within 2 min at 25°C 25 . For all experiments using the temperature-sensitive dyn-1(ky51) and rme-8(b1023) allele, worms were shifted to 25°C as L4s and scored after 12, 24 and 36 h for persistent cell corpses and fluorescent haloes. At the non-permissive temperature, dyn-1(ky51) mutants showed pleiotropic phenotypes and only worms with a gonad morphology as close to wild-type as possible were chosen for scoring. For all experiments using the temperature-sensitive rme-8(b1023) allele, worms were grown at 15°C and were shifted to 25°C as L4s. For most animals only one gonad arm was scored, as the other arm was concealed by the intestine.
Immunofluorescence microscopy of mammalian cells. Cells were incubated overnight in Lipofectamine 2000 as described previously 35 , then washed and incubated in DMEM containing 10% fetal bovine serum (FBS) for approximately 8 h before the engulfment assay was conducted. For siRNA experiments, cells were transfected using Amaxa program U-30 and Kit R for NIH/3T3 cells or T-21 and Kit V for J774 macrophages (Amaxa) with an siRNA SMARTpool containing 4 siRNAs targeting mouse dynamin-2 (Dharmacon Cat No. M-044919-01), elmo1 (M-041254-00) or a non-coding SMARTpool (Dharmacon Cat No. D-001206-13) using 1.2 µg of total siRNA (0.3 µg of each individual siRNA) as described previously 36 , then incubated for 48 h to recover. Images were acquired using a Zeiss 510-UV laser scanning confocal microscope with 405, 488, 543, and 633 lasers (Zeiss AG). For z-reconstruction experiments, confocal z sections were acquired every 0.3 µm; the z axis was reconstructed in LSM and subsequently deconvolved.
Apoptotic thymocytes and Jurkat cells were generated as described previously 36 ; apoptotic thymocytes (5 × 10 5 cells per condition) were stained with either CMFDA, TAMRA, or BODIPY 630 (Invitrogen) and added to NIH/3T3 cells in 4-well Labtek II culture chambers followed by a brief centrifugation to pellet cells onto the slide. Of the cells that bound to the phagocyte monolayer, approximately 98% were apoptotic, as determined using anti-active caspase-3 staining (data not shown). Thymocytes were allowed to be engulfed for 30 min; unbound apoptotic thymocytes were gently washed off with DMEM containing 10% FBS and then incubated for 2 h. Death of Jurkat cells was induced with etoposide (30 µM). For Lysotracker staining, cells were incubated with apoptotic cells in DMEM containing 10% FBS and of Lysotracker Red (1:10,000 dilution). Cells were then fixed with 3% paraformaldehyde (Sigma) in PBS for 30 min, permeabilized with 0.1% Triton X-100 (Sigma) and blocked with 5% skimmed milk that had been clarified by high speed centrifugation. Antibody staining was then performed as described previously 35 .
Generation of transgenic nematodes. Transgenic worms were obtained by microparticle bombardment in a Biolistic PDS-1000 (Bio-Rad) transformation (opEx and opIs alleles) or microinjection, as described previously 22 . unc-119 or unc-69 was used as a transformation marker. opIs220 [P eft-3 Supplementary  Information, Fig. S1 Immunoprecipitation. 293T cells (in 10-cm dishes) were transiently transfected with 1-4 µg of the appropriate construct. After 36 h, the cells were lysed in a 4°C environment room (in 1% Triton X-100, 50 mM Tris and 150 mM NaCl, 10 mM MgCl 2 ) and immunoprecipitated using anti-FLAG (clone M2, Sigma) or anti-GFP (clone B-2, Santa Cruz) antibodies coupled directly to sepharose. Vps34 was cloned as a KpnI-NotI fragment from pcDNA5-FLAG-Vps34 into pGEX4T-2, then transformed into Arctic Express competent cells, which were induced with 0.1 mM IPTG at 10°C overnight. Bacteria were lysed in cell lysis buffer, sonicated and GST-Vps34 protein was purified from the lysate using glutathione sepharose (GE Healthcare). Approximately 10 µg of purified Dyn2 (a gift from D Shafer, In wild type worms, actin stress fibers tend to run longitudinally in the proximal gonad (k and camera lucida, l). However, after long-term knockdown with dyn-1(RNAi) (48 hours), animals show distorted, disoriented actin fibers (m, n), which may have resulted in the phagocytic detected at these time points (r). In dyn-1(ky51) mutant worms, incubated for 24 hours at 25˚C, the actin fiber pattern appears as wild type (o,p). DYN-1::YFP is recruited around early apoptotic cells in wild-type worms (s, s',arrowheads) but not around late, highly refractile apoptotic cells (s, s' arrow). In worms mutant for ced-2 (t, t'), ced-6 (u, u'), ced-7 (v, v'), ced-10 (w, w') and ced-12 (x, x') DYN-1 is not recruited around the apoptotic cell (arrows, arrowheads), suggesting that engulfment per se is required for DYN-1 recruitment to the forming phagosome. (i) Time course of endogenous dynamin recruitment around the apoptotic cell corpse in J774 macrophages. Cells that had bound apoptotic cells were scored positive for dynamin recruitment if a "halo" of dynamin was seen to surround the apoptotic cell. 4 ˚C, n=100 (4 experiments); 37 ˚C, n=200 (8 experiments). Endogenous dynamin was recruited to the phagocytic cup around cells being engulfed (k, arrow) whereas dynamin is not recruited to bound apoptotic cells (j). Endogenous cortactin could not be detected in the phagocytic cup (k) but did colocalize with endogenous dynamin in dorsal ruffle structures (k, arrowhead) but not in lamellipodia (l). Arrows indicate apoptotic cells. Arrowheads indicate membrane ruffles. To get a better idea of Dyn localization during engulfment, apoptotic cells were incubated with J774 macrophages at either 4 ˚C (m and associated subpanels, r) or at 37 ˚C (n-v) to monitor localization of dynamin during corpse internalization. Dynamin did not localize around cells bound to the surface of macrophages (m-n, arrows and r, s yz reconstruction), but was localized around apoptotic cells during pseudopod extension by the phagocytic cell (o-p, arrows and t, u, yz reconstruction). In reconstructed sections, dynamin staining can be seen in the phagocytic cup (t, arrowhead) but appears excluded from the leading edge. Following internalization, dynamin staining is quickly lost (q, arrow and t, xz reconstruction, asterisk). Supplementary Table S1 . Candidate engulfment genes suppress Acridine
Orange staining of apoptotic cells in the adult hermaphrodite gonad.
Data shown in 'AO Staining' column represents the fraction of worms that were AO positive (green) or AO negative (white), with the approximate penetrance of the phenotype listed. Genes were tested on three independent experiments conducted on different days to rigorously test for reproducibility. ND, not done (due to gonadal defects). Worms were staged and corpse scored as described in Methods. n, number of worms scored. Data shown represents average ± s.d.
Acridine orange (AO) selectively labels engulfed apoptotic germ cells. Candidate engulfment genes were identified in a feeding RNAi screen for genes, which when knocked down result in reduced AO staining in adult hermaphrodite gonads. gla-3(op216) mutant worms were used to increase the number of apoptotic cell corpses so that acridine orange (AO) staining could be viewed under a dissecting microscope. Identified candidates were compared to those isolated in previous screens. Candidate genes whose knockdown resulted in sterility and growth defects, which in turn could reduce the number of AO positive cells without influencing corpse removal, were excluded from further analyses and are not shown. Genes are grouped by proposed function (as identified in WormBase) as previously described 10 ; genes required for actin dynamics are included in 'cell architecture.' Number of apoptotic germ cell corpses was quantitated in gla-3(op216) mutant worms grown on bacteria expressing the indicated construct. Knockdown of clathrin heavy (clhc-1) or light (clic-1) result in a slight increase in numbers of apoptotic cells in the gonad. Increased corpses likely represent stress-induced apoptosis, as YFP::actin halos were also increased compared to control. Some strains (asterisks) were placed onto RNAi plates as L4 larvae due to early developmental arrest when seeded as L1 larvae. All worms were scored as 12-hour adults. n, number of worms scored. Error represents s.d.
Supplementary

Discussion of results obtained from targeted screening
Analysis of worms harboring mutations in the nematode homologues of the FYVE-domain containing RAB-5 effectors EEA1 (EEA-1) and Rabenosyn-5 (RABS-5) had no obvious defects in corpse degradation, although the same mutant strains have previously been shown to display defects during endocytosis in the worm [1] [2] [3] (Table 1) . This was somewhat surprising, as studies monitoring phagosome maturation in mammalian cells routinely use EEA1 protein as a marker for the early endosome. It was possible that eea-1(ok1040) represented a complex rearrangement rather than a well-defined deletion; however, we could not detect eea-1 mRNA by RT-PCR (Supplementary Figure S2) , suggesting that this is indeed a null allele.
EEA , which would be required for entry of apoptotic cells into an ER structure. ret-1(gk242); yop-1(RNAi) worms did not show defects corpse removal, suggesting that, at least in the worm, the ER may not play a direct role in phagosome biogenesis or corpse degradation.
Overview of the types of genes identified in our unbiased screen
By design, we expected to identify candidate genes whose disruption caused defects in phagosome maturation or acidification of phagosomes and phagolysosomes (candidates most relevant to this manuscript), as well as genes affecting programmed cell death or corpse recognition/internalization (manifesting as a decrease in the number of AO positive corpses).
Following elimination of all genes previously shown to cause developmental delay or sterility 6 , which would nonspecifically reduce the number of germ cell deaths, we identified 61 genes whose knockdown reproducibly resulted in decreased AO staining (Figure 2e , Supplementary   Table S1 ). In addition to the known genes required for corpse recognition (ced-1) and internalization (ced-5 and ced-6) present in the RNAi library 10 , we also identified components of the Arp2/3 complex in C. elegans, arx-3 and arx-5
11
. Since the Arp2/3 complex plays a key role during actin reorganization and corpse removal in mammalian systems 12 , the inactivation of the Arp2/3 complex in C. elegans may similarly interfere with actin-dependent corpse internalization.
Additionally, we identified wip-1 and C24A1.3 (a tyrosine kinase), which may regulate activity of the small GTPase Cdc42 during corpse removal. Among the remaining genes, homologues of several candidates, phi-25, dyci-1, rab-10, and rme-8, suggest these genes may play a role during corpse processing and phagosome maturation 6 . Further, we isolated vha-15, a vacuolar ATPase, which may be required for acidification of the lysosome and hence onset of AO staining.
DYN-1 is required for phagosome maturation and maintenance of the actin cytoskeleton
One of the best known roles for dynamin during endocytosis is in pinching off vesicles from the plasma membrane (membrane scission) 13 . A similar but phenotypically and molecularly distinct process occurs when the phagocytic cup fully extends around the apoptotic cell and then fuses to completely encompass the apoptotic cell. To test whether apoptotic cells are engulfed in dyn-1(ky51) mutant worms and to monitor phagocytic cup closure, we monitored CED-1::GFP and YFP::CED-6 localization, which are enriched at the cell membrane around apoptotic cells during corpse internalization 14, 15 . Supplementary Table S3) , and the phagocytic cup appeared to be completely closed around the apoptotic cell ( Figure S3d, inset) , suggesting DYN-1 is not required for pseudopod extension or phagosome closure. In wild-type worms, CED-1 is rapidly removed from the phagosome following corpse internalization ( Figure S3b ) 14, 15 . However, in dyn-1(ky51) mutants the total number of CED-1-and CED-6-staining phagosomes was increased compared to wild type, consistent with early defects in phagosome maturation ( Figure S3d and Supplementary Table S3 ).
We also monitored actin recruitment to the phagocytic cup: worms deficient in DYN-1 showed similar numbers of corpses undergoing internalization (as measured by actin recruitment to the phagocytic cup) as wild type nematodes ( Figure S3e-h, quantitated in q) . In contrast, internalization was not seen in ced-1(lf) (Figure S3i, j) , which has previously been linked to actin rearrangement during corpse recognition 15 . Taken together, these results suggest that the refractile corpses in dyn-1(ky51) mutant worms were arrested in phagosomes at a stage following corpse internalization.
In a recent report, Yu et al.
showed that approximately 40% of the corpses present in the gonad of dyn-1(RNAi) worms persist un-engulfed 16 . However, our studies suggested no obvious defect in corpse internalization per se but instead that DYN-1 may act during phagosome maturation.
Our studies use the ky51 temperature sensitive allele, whereas those of Yu et al use dyn-1(RNAi), which would inactivate DYN-1 function over a much longer timeframe. We addressed whether the time point when the animals were scored may be the source of the discrepancy between our two studies. In fact, we did observe a potential phagocytic defect in 24-and 48-hour adult gonads in dyn-1(ky51) and dyn-1(RNAi) worms, as measured by decreased numbers of observed actin halos ( Figure S3q and data not shown) . However, the caveat with scoring at this time point is that loss of dynamin function has been associated with defects in the actin cytoskeleton in mammalian cells 13, [17] [18] [19] [20] , thus the phenotype seen could have been a secondary effect. In our analysis, loss of DYN-1 in C. elegans also seems to affect integrity of the actin cytoskeleton at late timepoints (24-and 36-hours post-shift to 25˚C), with gross alterations in F-actin staining [ Figure S3m and camera lucida, n compared to wild type (k, l) or dyn-1(ky51) (o, p)]. At these later times, we cannot say whether DYN-1 plays a 'direct' role in corpse internalization (which would be less sensitive to gene inactivation by RNAi and temperature shift) or whether this might be a secondary effect of accumulated defects in the actin cytoskeleton. Thus, to avoid potential unintended secondary defects, we have performed all our nematode assays here at the 12-hour adult stage following dyn-1(ky51) inactivation.
Earlier studies have proposed that the ced-2, -5, -12 pathway was dispensable for DYN-1 recruitment during embryogenesis 16 ; however, this work utilized a group of cells that require a single pathway (comprised of ced-1, -6, -7) for efficient corpse internalization, whereas the adult hermaphrodite gonads uses both pathways for corpse removal 21, 22 . Our more rigorous analysis suggests that the coordinated activity of both engulfment pathways results in recruitment of DYN-1 to the phagosome (Supplementary Figure S3) .
Dynamin localization in mammalian cells
Observed dynamin staining originated from phagocytes and not from targets being engulfed, as apoptotic cells not undergoing internalization showed no obvious dynamin staining ( Figure 5, a, b, arrowhead). Recruitment of dynamin into the phagocytic cup was also specific, and not due to a general recruitment of proteins involved in actin organization or proteins involved in endocytosis; for example, cortactin, a dynamin-interacting protein 13 , was excluded from the phagocytic cup (Supplementary Figure S7) .
Supplementary Methods
Mammalian phagocytosis assay J774 macrophages were transiently transfected in triplicate with the indicated plasmids (with GFP) in a 24-well plate or were electroporated with siRNA (see Methods) 24 . Approximately 24 hours after transfection, the cells were incubated with 1 x 10 6 TAMRA-labeled apoptotic cells (approximately 10 cells per phagocyte plated) in DMEM + 10% FBS (Cellgro). After three hours, the wells were then washed with PBS + 0.5% BSA + 1 % NaN 3 and removed from the plate with 1x Trypsin-EDTA. Cells were then stained with anti-CD3ε (UCH-T1) PE-Cy5 (Santa Cruz) and read immediately on a FACS-Caliber flow cytometer (BD Biosystems). Data was analyzed using FlowJo (TreeStar, Inc). As shown previously 24 , the majority of double positive cells scored in the FACS assay represents particles engulfed by transfected cells or particles in the process of internalization, and do not represent cells simply bound to the cell surface. For siRNA experiments, J774 macrophages were stained with CFSE to differentiate phagocyte and apoptotic cell populations; for transfected cells, phagocytes were recognized by GFP fluorescence. For transfected cells, ~150,000 events were acquired; for siRNA-treated cells, ~50,000 events were acquired.
Plasmid construction
Genomic fragments corresponding to dyn-1, rab-5, rab-7 and nsf-1 loci were amplified by PCR from N2 genomic DNA using primers (Supplementary Table S5 ) that added an AscI site upstream and an FseI site downstream of the coding sequence (AscI -FseI cassette). All four AscI -FseI cassettes were cloned in the pCR2.1-TOPO (Invitrogen) or in pJET1 (Fermentas) vectors and sequenced to ensure fidelity. Each cassette was then excised using AscI -FseI and placed under the control of the ubiquitously expressed eft-3 promoter and/or a ced-1 promoter, which is expressed in all engulfing cells.
For dyn-1, a genomic fragment predicted to encode both protein isoforms was cloned into pLN022yfp upstream of yfp to generate pLS37 or into pLN022cfp upstream of cfp to generate pLS50. Additionally, the eft-3 promoter originally contained in pLS37 was exchanged with a ced-1 promoter using SbfI-AscI restriction sites to generate pKD53. For rab-5 and rab-7, the amplified genomic regions were cloned into pLN019 (P eft-3 ) or under the control of P ced-1 (amplified from pJMK263) and then tagged at the N-terminus of the protein with cfp or yfp to generate pKD47(P eft-3 ::cfp::rab-5), pKD38(P eft-3 ::yfp::rab-7), pKD54(P ced-1 ::yfp::rab-5), pKD55(P ced-1 ::yfp::rab-7) and pKD61 (P ced-1 ::cfp::rab-5) respectively.
A genomic fragment corresponding to the coding region of nsf-1 was cloned under the control of P ced-1 using AscI-FseI and was then N-terminally tagged using yfp to generate pKD86.
The 2xFYVE domain fragment used in this study was amplified by PCR from pLN092, which contains the 2xT10G3.5(FYVE) 25 amplified as an AscI-FseI cassette and cloned under the control of the ced-1 promoter to generate pKD58. It was then tagged at the N-terminus of the protein with yfp to generate pKD59.
